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Abstract
The 2β0ν-decay can be induced by more than one lepton charge nonconserving mechanisms. We analyze some mecha-
nisms contributing to the 2β0ν decay amplitude in the general case of CP nonconservation e.g. light Majorana neutrino
exchange, heavy left-handed (LH) and right-handed (RH) Majorana neutrino exchanges, lepton charge non-conserving
coupling in SUSY theories with Rp breaking. We show the results of the analysis for the cases of two “non-interfering”
and two “interfering” mechanisms. We investigate the possibility to discriminate between diﬀerent pairs of such mech-
anisms using data on 2β0ν-decay half-lives of nuclei with largely diﬀerent nuclear matrix elements (NMEs). This
allows, in principle, to draw conclusions about the pair of non-interfering (interfering) mechanisms possibly inducing
the 2β0ν-decay from data on the half-lives.
1. Introduction
The only feasible experiments which can shed light on the real nature of massive neutrinos is the neutri-
noless double beta decay (2β0ν-decay) [1]: (A, Z)→ (A, Z +2)+2e− which violates the total lepton number
by two units, |ΔL| = 2. This process is forbidden within the Standard Model (SM) and, if observed, will def-
initely set a milestone for theories predicting the existence of total lepton number violating couplings in the
Lagrangian of particle interaction and will predict that neutrinos are Majorana particles at some probability
level.
One can consider the light Majorana neutrino exchange as the “standard” mechanism that should induce
the decay. In this case the fundamental lepton number violating parameter describing this mechanism is the
eﬀective Majorana mass |〈m 〉| :
|〈m 〉| =
light∑
j
(UPMNSe j )
2mj (1)
mj, j = 1, 2, 3, being the three light neutrino masses, mj  1eV and UPMNS is the Pontecorvo-Maki-
Nakagawa-Sakata neutrino mixing matrix which contains a Dirac and two Majorana CP-violating phases
(see, e.g., [2]). We stress that the observation of 2β0νdecay and the measurement of |〈m 〉| would prove not
only the Majorana nature of massive neutrinos, but it could give information on the type of neutrino mass
spectrum, on the absolute neutrino mass scale, and with additional information from other sources (3H decay
experiments or cosmological and astrophysical data considerations) one might extract unique information
on the Majorana CP-violation phases. Indeed, as one can see from the left panel of Fig. 1, using the data on
the neutrino oscillation parameters it is possible to show [2] that in the case of normal hierarchical spectrum
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one has |〈m 〉|  0.005 eV, while if the spectrum is with inverted hierarchy, 0.01 eV  |〈m 〉|  0.05 eV
(see Figure 1). A larger value of |〈m 〉| up to approximately 0.5 eV is possible if the light neutrino mass
spectrum is with partial hierarchy or is of quasi-degenerate type. In the latter case |〈m 〉| can be close to the
existing upper limits.
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Fig. 1. (Left Panel) The plot indicates the values of |〈m 〉| as function of the lightest neutrino mass exploiting its dependence on the
neutrino masses and oscillation parameters (amplitudes and frequencies). The light and strong shaded region indicate respectively the
2σ allowed CP-nonconserving and CP-conserving values of |〈m 〉| . The horizontal band indicates the upper bound |〈m 〉| ∼ 0.2 − 0.4
eV obtained using the 90 % C.L. limit on the half-life of 76Ge given by the GERDA Collaboration [3]. The vertical solid, dashed
and dotted lines represent respectively the constrains on mmin obtained by the Planck Collaboration and the perspective upper limits of
the β-decay experiment KATRIN [4]. (Right Panel) Values of |〈m 〉| as function of the sum of the light neutrino masses. The vertical
dashed line here represents the best ﬁt value obtained by the SPT team. (See the text for details).
These predictions can drastically change if new or diﬀerent contributions cause the decay. In this case
either strong cancellations can occur triggered by the existence of competitive mechanisms with respect to
the standard one or completely diﬀerent mechanisms are in act causing the decay. Also the contribution of
additional light Majorana neutrinos, namely ν4 or ν4,5, to the neutrinoless double beta (2β0ν-) decay ampli-
tude, and thus to the 2β0ν-decay eﬀective Majorana mass |〈m 〉| , could drastically change the predictions
for |〈m 〉| obtained in the reference 3-ﬂavour neutrino mixing scheme, |〈m 〉| (3ν) (see, e.g., [5, 6, 7]).
The information coming from the 2β0ν-decay searches can be combined to limits on other observ-
ables: for instance cosmological observables and in particular the total mass of light active neutrinos, Σmi
, can be constrained from measurements of the matter power spectrum, P(k). From the Planck Collabo-
ration [8] constraints on the sum of the masses were obtained combining i) the temperature power spec-
trum with a WMAP polarization low-multipole ( ≤23) and ACT high-multipole ( ≥2500) data obtaining
Σmi < 0.66 eV at 95%C.L. (Planck+WP) and ii) combining the latter measurement with the Barion Acous-
tic Oscillation data (BAO), which gives a signiﬁcant lower limit Σmi < 0.23 eV at 95%C.L. (Planck+WP
+ BAO).
If the decay will be observed it will be therefore compelling to understand which kind of mechanism is
triggering the decay if the latter will be observed [9, 10, 11] and possibly it will be important to combine
synergetically all kinds of available information both from particle experiments and cosmological observa-
tions.
Experimentally the isotopes used in the searches for 2β0ν decay are those for which the single β-decay
is forbidden: 48Ca, 76Ge, 82S e, 100Mo, 118Cd, 130Te, 136Xe, 150Nd. Most importantly, a large number of
projects, or already running experiments, aim at a sensitivity to |〈m 〉| ∼ (0.01 − 0.05) eV, i.e., to probe the
range of values of |〈m 〉| corresponding to IH neutrino mass spectrum: GERDA (76Ge), CUORE (130Te),
SuperNEMO, EXO (136Xe), MAJORANA (76Ge), MOON (100Mo), COBRA (116Cd), XMASS (136Xe),
CANDLES (48Ca), KamLAND-Zen (136Xe), SNO+ (150Nd), etc. The current experimental limits are listed
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in Table 1.
Isotope T 0ν1/2 [yrs] Experiment
48Ca > 5.8 × 1022 CANDLES
76Ge > 1.57 × 1025 IGEX
76Ge > 2.0 × 1025 GERDA
82Se > 3.2 × 1025 NEMO-3
100Mo > 5.8 × 1023 NEMO-3
116Cd > 1.7 × 1023 SOLOTVINO
130Te > 3.0 × 1024 CUORICINO
136Xe > 1.6 × 1025 EXO-200
136Xe > 1.9 × 1025 KamLAND-ZEN
150Nd > 1.8 × 1022 NEMO-3
Table 1. Experimental lower limits at 90% C.L. on the 2β0ν-decay half-lives of diﬀerent isotopes and the corresponding upper limits
on |〈m 〉| , obtained using the NMEs (including the relevant uncertainties) from [12].
However, we do not know if the “standard” mechanism is the only one involved in the 2β0ν amplitude.
Indeed, the 2β0ν-decay can be triggered, in principle, not only by the light Majorana neutrino exchange,
but by several diﬀerent Leptin Number violating (LNV) CP nonconserving mechanisms such as heavy
Majorana neutrino exchange (present in see-saw theories for the neutrino mass generation), lepton charge
non-conserving couplings in SUSY theories with R-parity breaking (for instance gluino exchange). If the
decay will be observed it will be essential to determine which one(s) induce the decay.
At this purpose, it is possible to assign to each of these mechanisms a LNV parameter, namely ηLNVκ ,
where the index κ denotes the mechanism (e.g. in the standard case of light Majorana neutrino exchange one
deﬁnes ην ∝ |〈m 〉| ≡ ∑lightj
(
Uej
)2
mj where U is the PMNS matrix). Further one can extract information
of |ηLNVk |2, using the available experimental bounds coming from the 2β0ν-decay searches. In [9] and [11]
we considered as CP nonconserving mechanisms the light Majorana neutrino exchange, heavy —with a
mass Mk  10 GeV— Left-Handed and Right-handed Majorana neutrino exchange (the latter possible
in SU(2)L ⊗ SU(2)R theories), lepton charge non-conserving couplings in SUSY theories with R-parity
breaking, for instance the gluino exchange and the squark-neutrino mechanisms.
There are two main cases one can study: i) 2β0ν-decay induced by two“non-interfering” mechanisms,
1 for instance light Majorana neutrino and RH heavy Majorana neutrino exchanges, with Mk > 10 GeV
ii) two“interfering” mechanisms (e.g. light Majorana neutrino and gluino exchanges). In the former case
we analyze the dependence of the two LNV parameters squared, namely |ηi|2 and |η j|2, on some isotope
half-lives (76Ge, 100Mo and 130Te) through a linear two equation system. The latter, considering also the
inteference term, consists in a linear system of three equations. This method may be generalised to the
case of more than two 2β0ν-decay mechanisms and allows to treat the cases of CP conserving and CP
nonconserving couplings generating the 2β0ν-decay in a unique way.
2. Multiple Mechanisms
2.1. “Non-interfering” Mechanisms Case
One of the simplest case one can study is the 2β0ν-dacay induced by light Majorana and RH heavy
neutrino exchange mechanisms for which the LNV parameters are deﬁned as:
ην =
|〈m 〉|
me
, ηR
N
=
(
MW
MWR
)4 heavy∑
k
V2ek
mp
Mk
. (2)
1This case will be named in this way in the case in which the interference term is suppressed due to the fcat that the ﬁnal state
electrons have diﬀerent chiralities.
 Aurora Meroni /  Physics Procedia  61 ( 2015 )  260 – 266 263
where (all mj ≥ 0) and Mk > 10 GeV, me and mp the electron and the proton mass respectively. Uek (Vek) are
the element of the neutrino mixing matrix through which νk (Nk) couples to the electron in the V-A (V+A)
lepton current and MW  80 GeV (MWR > 2.5 TeV) the corresponding LH (RH) charged weak boson. In
this case we can set a system of two linear equations for two unknowns using as input two isotope half-lives
(Ti and T j) and reference values for the kinematical factorG0ν(i, j)(E, Z) ≡ G(i, j) and the nuclear matrix element
M′0ν(i, j),k, k = ν,N (see notation and values in [11]):
1
TiGi
= |ην|2|M′0νi,ν|2 + |ηR|2|M′0νi,N |2,
1
T jG2
= |ην|2|M′0νj,ν|2 + |ηR|2|M′0νj,N |2. (3)
Fixing one of the two half-lives, say Ti, is ﬁxed, the positivity conditions |ηA|2 ≥ 0 and |ηB|2 ≥ 0 can be
satisﬁed only if T j lies in a speciﬁc “positivity interval”. Choosing for convenience always Aj < Ai we get
for the positivity interval:
Gi
G j
|M′0νi,B|2
|M′0νj,B|2
Ti ≤ T j ≤ GiG j
|M′0νi,A|2
|M′0νj,A|2
Ti , (4)
where we have used |M′0νi,A|2/|M′0νj,A|2 > |M′0νi,B|2/|M′0νj,B|2. Condition (4) is fulﬁlled, for instance, if A is the
heavy right-handed (RH) Majorana neutrino exchange and B is the light Majorana neutrino exchange in
the case of Argonne NMEs (see values in [11]) . The inequality in eq. (4) has to be combined with the
experimental lower bounds on the half-lives of the considered nuclei, Texpi min. If, e.g., T
exp
i min is the lower
bound of interest for the isotope (Ai, Zi), i.e., if Ti ≥ Texpi min, we get from eq. (4):
T j ≥ GiG j
|M′0νi,B|2
|M′0νj,B|2
Texpi min . (5)
2.2. “Interfering” Mechanisms Case
The 2β0ν-Decay induced by two interfering mechanisms can be handled by a system of three equations.
Consider for instance the gluino exchange mechanism as the dominant contribution in /Rp SUSY models and
the standard light Majorana neutrino exchange. In this case the interference term is not suppressed thanks
the common electron current factor in the term of the 2β0ν-decay amplitude e¯(1 + γ5)ec ≡ 2e¯L (ec)R. The
LNV parameter in this case is given by:
ηλ′ =
παs
6
λ
′2
111
G2Fm
4
d˜R
mp
mg˜
⎡⎢⎢⎢⎢⎢⎣1 +
(
md˜R
mu˜L
)2⎤⎥⎥⎥⎥⎥⎦
2
, αs =
g23
4π
. (6)
where λ
′
111 is the trilinear /L coupling related to the ﬁrst generation, GF is the Fermi constant, αs =
g23/(4π), g3 being the SU(3)c gauge coupling constant. mu˜L , md˜R and mg˜ are masses of the LH u-squark, RH
d-squark and gluino, respectively. In order to extract informations on the LNV parameters we have to set a
system of three equations (i = 1, 2, 3) for three diﬀerent isotopes:
[T 0ν1/2,iG
0ν
i (E, Z)]
−1 = |ην|2(M′0νi,ν)2 + |ηλ′ |2(M′0νi,λ′ )2 + 2 cosαM′0νi,λ′M′0νi,ν|ην||ηλ′ | . (7)
Wemust require that |ην|2 and |ηλ′ |2 be non-negative and that in the interference term satisﬁes−1 < cosα < 1.
2.3. Multiple mechanisms and NMEs: Analysis and Results
If the 2β0ν-decay is induced by two non-interfering mechanisms, which for concreteness were consid-
ered in [9] to be [13] the light left-handed (LH) and the heavy RH Majorana neutrino exchanges, one can
determine the squares of the absolute values of the two LNV parameters, characterizing these mechanisms,
|ην|2 and |ηR|2, from data on the half-lives of two nuclear isotopes. In the analysis we performed we used as
input hypothetical 2β0ν-decay half-lives of the three isotopes 76Ge, 100Mo and 130Te and four sets of nuclear
matrix elements (NMEs) of the decays of these three nuclei, derived within the Self-consistent Renormal-
ized Quasiparticle Random Phase Approximation (SRQRPA), were utilized: they were calculated in [9]
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with two diﬀerent nucleon-nucleon (NN) potentials (CD-Bonn and Argonne), “large” size single-particle
spaces and for two values of the axial coupling constant gA = 1.25; 1.0.
It was found that if the half-life of one of the three nuclei is measured, the requirement that |ην|2 ≥ 0
and |ηR|2 ≥ 0 (“positivity condition”) constrains the other two half-lives (and the 2β0ν-decay half-life of any
other 2β0ν-decaying isotope for that matter) to lie in speciﬁc intervals, determined by the measured half-life
and the relevant NMEs and phase-space factors. This feature is common to all cases of two non-interfering
mechanisms generating the 2β0ν-decay. The indicated speciﬁc half-life intervals for the various isotopes
were shown to be stable with respect to the change of the NMEs (within the sets of NMEs employed) used to
derive them. The intervals depend, in general, on the type of the two non-interfering mechanisms assumed
to cause the 2β0ν-decay. However, these diﬀerences in the cases of all possible pairs of non-interfering
mechanisms considered were found to be extremely small. Using the indicated diﬀerence to get information
about the speciﬁc pair of non-interfering mechanisms possibly operative in 2β0ν-decay requires, in the cases
studied in [9], an extremely high precision in the measurement of the 2β0ν-decay half-lives of the isotopes
considered (76Ge, 100Mo and 130Te), as well as an exceedingly small uncertainties in the knowledge of the
2β0ν-decay NMEs of these isotopes. The levels of precision required seem impossible to achieve in the
foreseeable future. One of the consequences of this results is that if it will be possible to rule out one pair of
the considered in [9] non-interfering mechanisms as the cause of 2β0ν-decay, most likely one will be able
to rule out all of them.
In [9] we studied as well the dependence of the physical solutions for |ην|2 and |ηR|2 obtained on the
NMEs used. It was found that the solutions can exhibit a signiﬁcant, or a relatively small, variation with
the NMEs employed, depending on the hypothetical values of the half-lives of the two isotopes utilized as
input for obtaining the solutions. This conclusion is valid for all other pairs of non-interfering mechanisms
considered in the analysis.
In the case when two interfering mechanisms are responsible for the 2β0ν-decay, the squares of the
absolute values of the two relevant parameters and the interference term parameter, which involves the
cosine of an unknown relative phase α of the two fundamental parameters, can be uniquely determined, in
principle, from data on the half-lives of three nuclei.
We have analyzed in detail the case of light Majorana neutrino exchange and gluino exchange. In this
case the parameters which are determined from data on the half-lives are |ην|2, |ηλ′ |2, ηλ′ being that of the
gluino exchange, and z = 2 cosα |ην||ηλ′ |. The physical solutions for these parameters have to satisfy the
conditions |ην|2 ≥ 0, |ηλ′ |2 ≥ 0 and − 2|ην||ηλ′ | ≤ z ≤ 2|ην||ηλ′ |. The latter condition implies that given the
half-lives of two isotopes, T1 and T2, the half-life of any third isotope T3 is constrained to lie is a speciﬁc
interval, if the mechanisms considered are indeed generating the 2β0ν-decay. If further the half-life of one
isotope T1 is known, for the interference to be constructive (destructive), the half-lives of any other pair of
isotopes T2 and T3, should belong to speciﬁc intervals. These intervals depend on whether the interference
between the two contributions in the 2β0ν-decay rate is constructive or destructive. We have derived as
well analytic expressions for the general conditions for i) constructive interference (z > 0), ii) destructive
interference (z < 0), iii) |ην|2 = 0, |ηλ′ |2  0, iv) |ην|2  0, |ηλ′ |2 = 0 and v) z = 0, |ην|2  0, |ηλ′ |2  0. We
have found that, given T1, a constructive interference is possible only if T2 lies in a relatively narrow interval
and T3 has a value in extremely narrow intervals. Numerically the intervals for T2 and T3 are very similar
to the intervals one obtains in the case of two non-interfering mechanisms (within the set considered in
[9]). The intervals of values of T2 and T3 corresponding to destructive interference are very diﬀerent from
those corresponding to the cases of constructive interference and of the two non-interfering 2β0ν-decay
mechanisms we have considered.
Within the set of 2β0ν-decay mechanisms studied by us, this diﬀerence can allow to discriminate ex-
perimentally between the possibilities of the 2β0ν-decay being triggered by two “ destructively interfering”
mechanisms or by two “constructively interfering” or by two non-interfering mechanisms.
The “degeneracy” of the predictions of the pairs of non-interfering mechanisms of 2β0ν-decay for the
interval of values of the half-life of a second nucleus, given the half-life of a diﬀerent one from the three
considered, 76Ge, 100Mo and 130Te, is a direct consequence of a speciﬁc property of the NMEs of the three
nuclei. Namely, for each of the ﬁve single mechanisms discussed (the light LH, heavy LH and heavy
RH Majorana neutrino exchanges, the gluino exchange and the “squark-neutrino” mechanism), the NMEs
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for the three nuclei diﬀer relatively little, the relative diﬀerence between the NMEs of any two nuclei not
exceeding 10% 2: |Mi,κ − Mj,κ|/(0.5|Mi,κ + Mj,κ|)  0.1, i  j = 1, 2, 3 ≡76Ge,100Mo,130Te. This feature of
the NMEs of 76Ge, 100Mo and 130Te makes it impossible to discriminate experimentally not only between
the four diﬀerent pairs of non-interfering mechanisms, considered in [9], using data on the half-lives of
76Ge, 100Mo and 130Te, but also between any of these four pairs and pairs of interfering mechanisms when
the interference is constructive.
The indicated “degeneracy” of the predictions of diﬀerent pairs of mechanisms possibly active in 2β0ν-
decay can be lifted if one uses as input the half-lives of nuclei having largely diﬀerent NMEs. One example
of such a nucleus is 136Xe, whose NMEs for the ﬁve mechanisms studied in [9], as we are going to show,
diﬀer signiﬁcantly from those of 76Ge, 82Se, 100Mo and 130Te.
In [11] we investigate the potential of combining data on the half-lives of 136Xe and of one or more of
the four nuclei 76Ge, 82Se, 100Mo and 130Te, for discriminating between diﬀerent pairs of non-interfering
or interfering mechanisms of 2β0ν-decay. We consider the same ﬁve basic mechanisms used in the study
performed in [9].
The NMEs for 136Xe, which results (from calculations using the SRQRPA method) are presented in [11],
diﬀer signiﬁcantly from those of 76Ge, 82S e, 100Mo and 130Te, being by a factor ∼ (1.3 − 2.5) smaller. As
we have shown, this allows to lift to a certain degree the indicated degeneracies and to draw conclusions
about the pair of non-interfering (interfering) mechanisms possibly inducing the 2β0ν-decay from data on
the half-lives of 136Xe and of at least one (two) more isotope(s) which can be, e.g., any of the four, 76Ge,
82Se, 100Mo and 130Te considered.
We have analyzed also the possibility to discriminate between two pairs of non-interfering (or interfer-
ing) 2β0ν-decay mechanisms when the pairs have one mechanism in common, i.e., between the mechanisms
i) A + B and ii) C + B, using the half-lives of the same two isotopes. We have derived the general conditions
under which it would be possible, in principle, to identify which pair of mechanisms is inducing the decay
(if any). We have shown that the conditions of interest are fulﬁlled, e.g., for the following two pairs of
non-interfering mechanisms i) light neutrino exchange (A) and heavy RH Majorana neutrino exchange (B)
and ii) gluino exchange (C) and heavy RH Majorana neutrino exchange (B), and for the following two pairs
of interfering mechanisms i) light neutrino exchange (A) and heavy LH Majorana neutrino exchange (B)
and ii) gluino exchange (C) and heavy LH Majorana neutrino exchange (B), if one uses the Argonne NMEs
in the analysis. They are fulﬁlled for both the Argonne NMEs and CD-Bonn NMEs, e.g., for the following
two pairs of interfering mechanisms i) light neutrino exchange (A) and gluino exchange (B), and ii) heavy
LH Majorana neutrino exchange (C) and gluino exchange (B).
We have also exploited the implications of the EXO lower bound on the half-life of 136Xe for the problem
studied. We have shown, in particular, that for all four pairs of non-interfering mechanisms considered and
the Argonne NMEs, the half-life of 76Ge claimed in [14] is incompatible with the EXO lower bound on the
half-life of 136Xe [15]. If we use the CD-Bonn NMEs instead, we ﬁnd that the result half-life of 76Ge claimed
in [14] is compatible with the EXO lower bound on the half-life of 136Xe for values of the corresponding
LNV parameters lying in extremely narrow intervals.
The results obtained in [11] show that using the 2β0ν-decay half-lives of nuclei with largely diﬀerent
nuclear matrix elements would help resolving the problem of identifying the mechanisms triggering the
decay.
Concluding, determining the nature —Dirac or Majorana— of massive neutrinos, possibly related to
a New Physics scale beyond that predicted by the Standard Model is a fundamental problem under study.
Signiﬁcant experimental eﬀorts have been made to unveil the possible Majorana nature of massive neutrinos
by searching for neutrinoless double beta decay with increasing sensitivity. These constraints, together with
the results from beta-decay experiments and in light of the recent (and future) cosmological observations
can be combined in order to extract information on new possible couplings in the Lagrangian of particle
interactions, changing the total lepton charge L = Le + Lμ + Lτ by two units. Further if it will be exper-
imentally established the Majorana nature of massive neutrinos, via the observation of the 2β0ν-decay, it
2The general implications of this “degeneracy” of the NMEs of 76Ge, 100Mo and 130Te for testing the mechanisms under discussion
in the case of CP invariance were investigated in [10].
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will be possible to test the compatibility of the usual 3-neutrino scenario with the possible existence of 1 or
2 additional sterile neutrino states with masses at the eV scale (the so called 3+1 and 3+2 schemes) and to
study the implications of all this on the general properties of the neutrino mass matrix.
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